Introduction
The guinea-pig has become increasingly popular over the past decade for the study of pregnancy. The advantages of these animals include economy, a haemomonochorial placenta (labyrinth type), cyclic changes in serum oestrogen and progesterone concentrations qualitatively similar to those observed in women, and cardiovascular/respiratory alterations during pregnancy analogous to those in women (Enders, 1965; Challis, Heap & Illingworth, 1971; Martensson, Sjoquist, Bjellin & Carter, 1979;  Hosenpud, Hart, Morton, Hohimer & Resko, 1983; Morton et ai, 1984) . However, the animal's small size has proved a disadvantage in studies requiring blood flow measurement. The diameter of the uterine artery (0-5-1 mm at~52 days of the 65-day gestation) and its mobility within the mesometrium have made chronic continuous measurement of blood flow impossible. Even the smallest electromagnetic flow probe will twist and occlude uterine artery blood flow in the active animal. All previous investigations of uterine blood flow in the guinea-pig have therefore been based upon acute preparations using electromagnetic flow probes or chronic preparations using radiolabelled microspheres. The merits of continuous and microsphere blood flow measure¬ ments have been discussed in earlier publications (Woodcock, 1975) . Rather than being mutually exclusive, the two techniques can complement each other, the former applicable to continuous measurements of flow in larger vessels and the latter to point measurements of flow in the microcirculation. There is currently no method which permits the chronic, continuous measurement of uterine blood flow in the guinea-pig.
We have applied Doppler technology for the continuous measurement of uterine artery flow velocity in the pregnant guinea-pig and placed a miniaturized Doppler flow probe directly upon the uterine artery in a chronic preparation. We present in this report a description, the success rate, and the initial validation of the model.
Materials and Methods
Probe construction. The construction of the Doppler probe has previously been described in detail (Van Orden, Farley, Fastenow & Brody, 1984) . A 20-MHz piezoelectric crystal (1-5 mm in diameter; Valpey-Fisher, Hopkinton, MA), cut into quarter pie-shaped pieces so that the straight sides are 0-75 mm, functions as both transmitter and receiver. The probe leads are constructed from two 40-cm segments of 36-gauge, 20-strand stainless-steel wire (Cooner, Chatsworth, CA). A 5-mm segment is cleaned of insulation, reduced to 4 strands and tinned with 60/40 tin/lead (w/w) solder to minimize the solder necessary to join the wire to the crystal face. One lead is soldered to each side of the crystal at the apex of the pie-shaped crystal wedge (Fig. 1) . It is essential that, to prevent obstruction or deformation of the crystal face, the solder spread be limited to the diameter of the tinned wire. Fig. 1 noticeably dampened by the glue. Xylocaine was reapplied after the glue had dried, and the vessel was observed until any spasm had resolved. The attached probe and exposed vessel were then covered with a small quantity of medical grade silicone polymer (Dow Corning, Midland, MI). After the polymer had hardened (2-3 min), the wire leads and the Parafilm platform were anchored in the mesometrium with 7-0 nylon sutures so that any shift in the position of the uterus, whether from fetal movement, uterine growth, or bowel, would flex the wire at the ligature and not the probe site. The leads were exteriorized through a puncture wound in the abdominal wall, anchored in the fascia with a 3-0 silk ligature, tunnelled subcutaneously to the nape of the neck, and brought out through the stab wound with the catheters. All skin incisions were closed with interrupted ligatures of resorbable suture. The oxygen and isoproterenol were continued until the animal became prone. At this time, an infusion of lactated Ringers solution with 5% dextrose was started at 10 ml/h and continued for 18 h. The time to prepare the animal as described was 90-100 min. Placement of additional flow probes and/or cannula is readily feasible. Animals assigned for chronic infusion studies were fitted with a nylon harness (Alice Martin, Chatsworth, CA) which permits free movement within the pen. No studies were begun until the animal had resumed normal activity and weight gain, and never before the 5th post-operative day.
Measurements taken. Blood pressure and pulse were obtained through the descending aorta catheter (Electromedics transducer, model No. MS20-BA07ADS). The pressure was recorded as the mean arterial blood pressure (MAP).
Previous study (Haywood, Shaffer, Fastenow, Fink & Brody, 1981) (Tabsh et ai, 1981) . Hydralazine (Ciba Pharma¬ ceutical Co., Summit, NJ) was selected because it is reported to reduce systemic blood pressure and peripheral resistance while increasing uterine artery blood flow (Ring, Krames, Shnider, Wallis & Levinson, 1977) .
Results
Correlation between absolute flow and the Doppler shift In all instances, true zero flow was identical to electrical zero. The mean kHz shift at each flow rate (11 rates, mean of 5-4 trials per rate) was directly proportional to the infusion rate (Fig. 3) . The correlation coefficient between actual blood flow and the Doppler shift was 0-984 (r2 = 0-968).
Changes in actual flow rate were directly proportional to changes in the kHz shift. Baseline stability Baseline stability is essential if the effect of experimental manipulation is to be accurately interpreted. Measurements of mean arterial blood pressure (MAP), mean velocity signal (MVS) and resistance (R) were obtained at 1-min intervals for 10 min (8 animals) and at 5-min intervals for 60 min (11 animals). These measurements were then subjected to time plot analyses. A line of best fit for each animal was constructed and the slopes compared to zero. Not surprisingly, the slopes for MAP over the 10-and 60-min intervals were significantly different from zero. This reflects the known minute-to-minute homeostatic alterations in blood pressure which occur in the intact and unanaesthetized animal. Similar changes were seen in blood flow velocity. The magnitude of these trends was investigated by constructing a statistical model using analysis of covariance and calcu¬ lating the 95th and 99th percentile prediction intervals (Table 1 Changes inflow velocity as gestation advances Baseline flow velocity was measured longitudinally at intervals between 45 and 65 days of gestation in 9 animals beginning at least 5 days after surgery (Fig. 4) Pregnancy wastage A successful model was defined as continuation of a viable pregnancy with a working probe and patent cannula for at least 1 week after operation. Our success rate increased as surgical technique and anaesthesia improved, with 1, 3 and 11 successes for the first, second and third batches of 20 animals, and 18/19 animals in the latest batch. The greatest number of failures overall was secondary to abortion, defined as delivery within 1 week of surgery (70%). Probe failure occurred in 4% and catheter occlusion at some point before delivery occurred in about 10%. However, with our recent high success rate, catheter occlusion has become the most common cause of failure. Premature delivery ( > 1 week post-operatively but before 62 days) seemed related to the types of drugs studied (especially adrenaline) and to the frequency of experimentation.
The mean birthweight for viable young was 79-7 + 21 g and the mean litter size was 3 (range 1-5). If only those animals that were instrumented but not subjected to drug treatment (because of catheter or probe failure) were considered, the mean birthweight was 103-1 + 9-8 g (mean litter size = 2). No animal in this group delivered prematurely. The means of both groups are similar to published norms when adjusted for the number of pups in the litter and gestational age at delivery (Draper, 1920) . The stillbirth rate for pregnancies ending with at least one viable young was 42%. However, stillbirths were observed predominantly in animals receiving study drugs and were most common in pregnancies ending before 62 days of gestation. The mean birthweight of stillborn young was 57-4 ± 24-6 g.
Discussion
The mean velocity signal correlates highly with actual flow and therefore may be used to calculate changes of resistance in the vascular bed downstream from the flow probe. Our findings confirm previous studies involving arterial blood flow in the nonpregnant rabbit and the rat (Haywood, Shaffer, Fastenow, Fink & Brody, 1981; Van Orden et ai, 1984) . Although it is tempting to convert the Doppler shift into actual blood flow, this is not possible since the precise angle of the crystal to the vessel wall is unknown and differs for each animal. However, because the change in the Doppler shift is both directly proportional to and linear to the change in actual blood flow, the magnitude of change in the Doppler shift is similar to that of actual flow. Importantly, the baseline flow velocity is stable with a narrow prediction interval. Small alterations in blood flow, which might be missed with an alternative technique, can therefore be detected. Based on our analyses of the baseline, we can state that change from a 10-min baseline of 4-5 kHz by 0-215 kHz (4-8%) would represent a statistically significant deviation from baseline (P < 005). The Doppler signal may be recorded as a pulsatile waveform or as an electronically meaned Doppler shift (MVS). The velocity signal is a temporal mean, but in a vessel less than 1 mm in diameter, it is identical to the spatial mean. A 0-5 V signal is equal to 1 kHz. By adjusting the time gate (range), the site of maximal flow within the vessel can be identified. At the beginning of each experiment, the maximal Doppler shift (flow velocity) is obtained and the range setting left unaltered for the duration of the experiment. We have observed that the range (and therefore the distance from the crystal to the point of maximal velocity) and uterine artery flow velocity increase with advancing gestation. The former may result from a lengthening of the vessel arc over the crystal as the uterus grows. Therefore, the Doppler shift during longitudinal studies taking place over 2-3 weeks is recorded in kHz for convenience.
Our findings concerning the effect of the three vasoactive agents confirm previous investigations (Ring, Krames, Shnider, Wallis & Levinson, 1977; Tabsh et ai, 1981) with sheep and extend them to another species.
Uterine artery flow velocity increased progressively during the gestational interval studied despite the frequent experiments. Heart rate was not recorded during these investigations, so we cannot separate out the effects of rate versus stroke volume. However, a previous report indicated that the increase in cardiac output during pregnancy in the guinea-pig is secondary to an increase in stroke volume (Morton et ai, 1984) . We noted that the extent to which the flow velocity increased seemed proportional to the number of young. The largest increases occurred in the animals with 4 and 5 young, and the smallest in the animal with 1 fetus. We have not yet explored the relationship between the percentage increase in flow velocity and total fetal weight or number of young (in animals which have been instrumented but not otherwise experimented upon). In addition, we found no evidence that manipulation and probe attachment to the uterine artery results in fetal growth retardation. There was a dramatic increase in flow velocity as the animal recovered from ketamine:xylazine general anaesthesia, suggesting that at least one of the agents reduces uterine artery flow velocity. Each of these observations supports earlier investigations using different techniques and/or models (Peeters, Grutters & Martin, 1980; Myers et ai, 1982; Meschia, 1983) .
One possible source of error with the Doppler technique could result from vasoconstriction at the site of velocity measurement. It can be argued that, in an isolated resistance system, the reduction in the vessel diameter with maintenance of volume flow would necessitate an increase in flow velocity. It is, however, unlikely that the volume of flow will be completely maintained in vivo should there be a generalized increase in vascular resistance. To address this issue in part, we examined the effect of three previously studied vasoactive substances with markedly different effects on the uterine vasculature. The effect of hydralazine, angiotensin II and noradrenaline on MVS, MAP and resistance were similar both in direction and magnitude to those previously reported for the pregnant ewe (Ring et ai, 1977; Tabsh et ai, 1981) . It (Tabsh et ai, 1981 
